The 3' termini of RNA from vesicular stomatitis virus and from three widely dissimilar defective interfering particles of the virus are PypGpU-OH. The possible relevance of these findings to autointerference and to replication of vesicular stomatitis virus is discussed.
The 3' termini of RNA from vesicular stomatitis virus and from three widely dissimilar defective interfering particles of the virus are PypGpU-OH. The possible relevance of these findings to autointerference and to replication of vesicular stomatitis virus is discussed.
Defective interfering (DI) particles are small viral particles that contain only a piece of the viral genome (often less than one gene) but all of the viral proteins (1) . When DI particles coinfect a host cell with infectious particles, they severely restrict the replication of the infectious virus, a phenomenon termed autointerference (2) . This restricted replication of the infectious particles is however, accompanied by a massive replication of the DI particle and the yield of DI particles from such an infection often rivals or even surpasses the yield of infectious particles obtained in the standard infection without autointerference.
The mechanism of autointerference is not completely elucidated, but available evidence suggests that a competition occurs between the genomes of DI particles and infectious particles for the viral replicase (3) . However, the process of successful competition of DI particle genomes with the fulllength genomes remains an enigma. The genetic content of several genomes of DI particles of vesicular stomatitis virus (VSV) has been examined by annealing reactions and found to be very different from each other. A short DI particle (DIT) contains genetic information from the 5' end of the VSV genome while a second DI particle (DILT) contains information from the opposite end (4, 5) . A third DI particle (DIo,1) contains covalently linked message and genomic sequences in its RNA (6) . Because these sequences are complementary to each other, RNA prepared from this particle immediately folds into a self-complementary double-stranded duplex. How is it then that all three of these DI particles can interfere and compete with the infectious virus during replication? The replication of the VSV genome appears to be a precise linear process: the infecting genome minus (-) strand serves as a template for the synthesis of a full-length (+) strand. The latter, in turn, serves as the immediate template for the replicated VSV genomes. No evidence, either biochemical or electron micrographic, has been reported for the involvement of circular intermediates in this process. Consequently, it seems likely that the initiation sites (and perhaps the binding sites) for the replicase are located at the termini of the template genomes. One possible explanation for the efficient competition is that both termini of the DI particle genomes are identical to those of the infectious particle genome. If these termini contain the replicase initiation sites or are otherwise important in replication, such a conservation of the terminal sequences could account for the ability of these DI particles to compete successfully for the replicase.
Abbreviations: VSV, vesicular stomatitis virus; DI particles, defective interfering particles; DBAE, N-[N'-(m-dihydroxyborylphenyl)succinamyllaminoethyl.
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We have undertaken a detailed analysis of the terminal nucleotide sequences of the genomes from the infectious particle and from the three dissimilar DI particles. Our results clearly show that the genomes of all the particles examined have the same sequence at the 3' end: PypGpU-OH. Recently, Banerjee and Rhodes (7), using entirely different methods, deduced the same sequence for the 3' terminus of the infectious particle RNA.
MATERIALS AND METHODS
Virus Growth. BHK21 cells were grown as monolayers in Eagle's minimal medium containing nonessential amino acids and 10% fetal calf serum. Prior to infection by VSV infective particles and DI particles, the cells were cultured for 24 hr in phosphate-free minimal medium containing 2% dialyzed serum. In a typical preparation, monolayers in three 150-mm' petri dishes were infected and overlayed with 75 ml of phosphate-free minimal medium to which 15 mCi of 32pO43 and 60 jig of actinomycin D had been added. The infection was allowed to proceed for 12-14 hr.
Virus Purification. Culture supernatant fluids were clarified by low-speed centrifugation and virus particles were recovered by centrifugation in the SW27 rotor (Beckman Instruments) at 20,000 rpm for 2 hr. The virus was further purified by isopycnically banding it in a 7-52% sucrose gradient (SW41 rotor at 20,000 rpm for 15 hr). Viral particles were again recovered by centrifugation.
RNA Preparation. VSV and DI particles were adjusted to 0.5% sodium dodecyl sulfate in 50 mM Tris-HCl (pH 7.5), 0.1 M NaCI, and 1 mM EDTA and extracted twice with phenol as described (4) . RNA was recovered by ethanol precipitation and further purified by centrifugation through 10-30% sucrose gradients containing Tris-HCI-NaCI-EDTA buffer and 0.1% sodium dodecyl sulfate. Fractions containing the desired RNA were mixed with carrier tRNA, precipitated with NaCl and ethanol, washed with 70% ethanol, and lyophilized to dryness.
RNase Digestion. RNA was taken up in 50 Ml of 1 mM Tris-HCl (pH 7.6), 1 mM EDTA, heated to 900 for 1 min, mixed with 50,ul of pancreatic RNase (10 mg/ml), and incubated at 440 for 2 hr.
Chromatography on N4N'(m-Dihydroxyborylphenyl) succinamyljaminoethyl-Cellulose (DBAE-Cellulose) Columns. The RNase digests were diluted with 1 ml of buffer A (1 M NaCI, 0.02 M MgCI2, and 0.05 M morpholine, pH 8.8) and applied to a column (0.9 X 10 cm) of DBAE-cellulose (8) . The column was washed with buffer A to remove unbound materials and then equilibrated with buffer B (0.1 M NaCl, 0.02 M MgCI2, and 0.05 M morpholine, pH 8.8) to remove nonspecifically bound materials. The oligonucleotides containing 2' and 3' hydroxyl groups were eluted with buffer B containing 0.1 M sorbitol (9) . Radioactivity was determined for each sample using RESULTS Oligonucleotides arising from the 3' end of RNA have hydroxyl groups in both the 2' and 3' positions and can be isolated by the DBAE-cellulose method described (8) . 32P-labeled RNA was isolated from VSV and three of its DI particles: DIT, DILT, and DI0o1. The RNAs were exhaustively digested with pancreatic RNase as described in Materials and Methods and each was mixed with carrier GpU-OH and adsorbed to DBAE-cellulose. The-columns were thoroughly washed with buffer A until the radioactivity per ml of eluant represented less than 0.01% of the radioactivity applied to the columns. The columns were then washed with two bed volumes of buffer B, then eluted with buffer B containing 0.1 M sorbitol. The sorbitol, having vicinal hydroxyl groups, displaces materials that are specifically adsorbed to the borate residues (9) . Fig. 1 shows a typical profile obtained with digests of VSV 42S RNA. The majority of the degraded RNA passes directly through the column. The peak of material that elutes when the salt concentration is decreased is nonspecifically bound RNA that is not tightly adsorbed to borate. Elution with sorbitol results in the specific release of 3' ends of RNA and the carrier GpU.
The major peak of radioactivity eluted from each DBAEcellulose column with sorbitol was subjected to DEAE-cellulose column chromatography as described by Tomlinson and Tener (10) . As shown in Fig. 2 , in each case 80% of the radioactivity eluted with materials having a charge of -1. The positions of materials bearing a net charge of -1 to -7 were determined from the elution positions of standard markers, including GpU-OH and the various components of a pancreatic RNase digest of tRNA. These positions are indicated by the arrows in Fig. 2 . The amount of radioactivity eluting at a charge of -2 and the small amounts of radioactivity eluted at charges of -3, -4,-5, etc. were dependent upon the amount of RNase used, the temperature, and the extent of the incubation; however, they were never totally eliminated. The radioactivity at a charge of -1, on the other hand, was not affected by these variables. Furthermore, in each case, the molar amount of material eluting at a charge of -1 was that expected for a unique dinucleoside monophosphate sequence (see Table 1 ).
The radioactive materials eluted at charges of -1 and -2 from each DEAE-cellulose column were further analyzed by electrophoresis on DEAE-paper. The material with a charge of -1 from each of the four RNAs migrated with authentic GpU-OH (Fig. 3) . Under the conditions used, ApU-OH and GpU-OH were poorly resolved. However, a complete base analysis was performed by eluting the radioactive material from each DEAE-paper sample using triethylammonium bicarbonate and hydrolyzing portions of each with either alkali or snake venom phosphodiesterase. The digested samples were then subjected to electrophoresis on Whatman 3MM paper. As indicated in the example shown in Fig. 4 , the radioactivity was recovered as Gp after alkali digestion and as pU-OH after cleavage with snake venom phosphodiesterase. This analysis was performed using RNA from the infectious particle (VSV) and each of the defective particles (DIT, DILT, and DI011), and in each case the radioactive materials with a charge of -1 obtained from the DEAE-cellulose columns were unequivocally shown to be GpU-OH.
Analysis of the material having a charge of -2 showed that it was a mixture of oligonucleotides, each containing two phosphate residues. The molar concentration of any one of these oligonucleotides was less than 3% the concentration of GpU. Because these materials were present at such low levels they were not further characterized.
Occasionally, a small amount of radioactivity was eluted from the DEAE-cellulose columns immediately before or as a shoulder on the left side of the material having a charge of -1. This material was found by alkali digestion to be a contaminant that was not derived from RNA.
The second, smaller peak from DBAE-cellulose, which eluted with sorbitol ( Fig. 1) , was found to consist of oligonucleotides of greater than five residues. Fingerprint analysis of this material indicated that each size class of RNA was also heterogeneous and that the sequences in these RNA chains of different sizes are not related to one another as homologs. Calculated on a molar basis, each of these RNA fragments is present in very low amounts (less than 1%) of the expected molar amount for the end of VSV RNA. We conclude that the second peak eluted from borate does not contain sequences that are-representative of the 3' end of the RNA. A summary of a set of determinations is presented in Table  1 most abundant fragments (material with a charge of -2 from DEAE-cellulose columns) were present at about 3% the concentration of GpU-OH. We conclude from these data that the 3' termini of the RNAs from VSV and DIt, DILT, and DIoll particles are identical to each other and have the sequence PypGpU-OH.
It should also be noted that these data verify the sensitivity of DBAE-cellulose chromatography and indicate that it is sufficient to identify a 3'-terminal oligonucleotide that represents as little as one-tenthousandth of the parent molecule. The terminal fragment of VSV RNA was enriched 2000-fold in a single DBAE-cellulose chromatography step and recovered in at least 80-90% yield. We have thus used DBAE-cellulose chromatography for analysis of molecules of molecular weight of 3.8 X 106. DISCUSSION In the present study we have compared the 3' terminus of VSV RNA to those obtained from three widely different types of VSV DI particles, DILT, DIT, and D1011. The DILT particle contains RNA that is single-stranded and 85% complementary to the mRNA derived from the right-hand end (3' end) of the VSV genome (4, 5). The DIT particle contains RNA that is single-stranded and 90% complementary to the mRNA derived from the left-hand end of the VSV genome (5' end) (4, 5) . The DIo,1 particle contains covalently linked plus and minus strands that are complementary to each other (6) . The minus-strand sequences include part of the left-hand sequences of the VSV genome. Despite the fact that these DI particle RNAs represent different portions of the VSV genome and in one case contains nongenomic (message-sense) RNA, they all possess the same 3'-terminal sequence, PypGpU-OH. The conservation of this sequence among these DI particles suggests that it may play a role in the replication of these particles or otherwise confer some advantage to the particle.
Very little is known about the details of replication of VSV or its DI particles. Isolation of a full-length complementary plus-strand RNA from infected cells (12, 13) suggests that the infecting minus-strand genome serves as a template for the synthesis of a full genomic-length complementary plus strand. It has been suggested that the latter RNA, after conversion to a nucleocapsid structure, serves as a template for the synthesis of progency virion RNA (12) . The recent identification of ribonucleoproteins containing full-length complements of DI particle RNA in the cytoplasm of cells undergoing infections with autointerference suggests that the same replicative scheme may also apply to replication of DI particles (L. Johnson, unpublished data).
In the absence of any evidence for closed circular replicative structures, the simplest mechanism compatible with the data depends upon the viral replicase initiating RNA synthesis at the 3' terminus of the infecting RNA in order to synthesize a faithful full-length complement. The observations presented here, that the 3' termini of RNA isolated from VSV and three of its DI particles are the same, is compatible with the suggestion that the 3' end may form a specific initiation site for the replicase.
The synthesis of progeny virion RNA requires that the product of the first synthetic event, the plus-strand RNA, be copied in a subsequent synthetic step. It is interesting to note that the 3' terminus of the synthesized full-length complement must also be PypGpU-OH because the 5' end of the VSV virion RNA has been shown to be pppApCpGp ... (14) . This similarity in the sequences of the 3' termini of both the plus-strand and the minus-strand RNA indicates that the replicase, in the course of copying both the plus and minus strands, needs only recognize and initiate at one sequence. We have recently found that this relationship must also apply to the ends of the plus-strand and minus-strand RNAs of DI particles because the 5' termini of the RNAs of DI particles have the sequence pppApPypGp ... (Lazzarini et al., unpublished data) .
We conclude from the work presented here that the terminal sequences of the RNAs of the three DI particles examined are compatible with both the simple linear replicative scheme and explanations of autointerference that require a competition between genomes for the viral replicase. However, the recent findings with RNA tumor viruses suggest that more complex schemes involving intermolecular and/or circular intermediates in replication must also be considered (15, 16) . The work reported here and the finding that DI particles have pppApPypGp at their 5' ends suggest that these RNAs might have complementary or "sticky ends". Therefore, it is possible that infective and defective RNAs can form concatomers or can circularize, forming panhandle-type structures. We have recently observed by electron microscopy that purified DI particle RNA can form circles similar to those reported by Hsu et al. for Sindbis RNA (17) . Although these structures have not been observed during replication, their existence in vitro points to the potential for circularized RNA in vivo.
DI particles appear in virus stocks after undiluted, serial passage of plaque-purified infectious virus. Very little is known about the mechanisms by which VSV generates the DI particles, but indications are that the RNAs are altered (shortened) during replication and the particles that are assembled about the defective nucleocapsids are thus smaller than the standard particle. Models of the process that results in shorter RNA molecules in DI particles must account for the observation that the ends of the DI particle RNA are identical to those of the infectious particle RNA.
Molecules that have the same terminal nucleotide sequences might originate by one of the following four processes. First, PypGpU could exist as an internal sequence and, after cleavage next to the U residue, a shorter RNA molecule could originate and be propagated. Second, the terminal sequence of VSV and DI particle RNA could arise by the postreplicative addition of a short sequence (PypGpU) to the RNA molecules, analogous to the addition of CpCpA to tRNA. Third, multiple cleavage of viral RNA followed by ligation of fragments containing the correct terminal sequences could result in shorter RNAs, such as those found in DI particles. Last, during a replicative step, the replicative complex might shift inadvertently to another strand (perhaps at the junction of a loop) and result in a "copy choice" synthesis of the VSV RNA. Thus, an internal portion of the genomic RNA would be deleted and the terminal nucleotide sequences would be conserved in the resulting RNA.
